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(57) Abstract: A method assay for rapidly and reproducibly generating hair follicles from dissociated epithelial and mesenchymal 
cells is disclosed. The method serves both as a tool for measuring the trichogenic (i.e., hair growth-inducing) property of cells and 
for studying the mechanisms dissociated cells employ to assemble an organ. In a method of this application dissociated cells, isolated 
from newborn mouse skin, are injected into adult mouse truncal skin, hair follicles develop. This process involves the aggregation of 
epithelial cells to form clusters which are sculpted by apoptosis to generate "infundibular cysts". From the "infundibular cysts" hair 
germs form followed by follicular buds and then pegs which grow asymmetrically to differentiate into cycling mature pilosebaceous 
structures. Using various techniques, exposure of the "infundibular cysts" by puncturing, piercing, or scratching the skin and, in an 
approach, covering the exposed cysts with a wound dressing material produced egressing hair follicles. 
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ORGANOGENESIS FROM DISSOCIATED CELLS 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application claims priority to provisional patent application Serial 

Number 60/601,496, filed 08/13/2004, which application is incorporated in its entirety 
herein. 

BACKGROUND OF THE INVENTION 

[0002] The goal of current bioengineering efforts is to generate or reconstitute 

fully organized and functional organ systems starting from dissociated cells that have 
been propagated under defined tissue culture conditions. 

[0003] It has long been recognized that the hair follicle has profound regenerative 

ability, in that it cycles over the life-time of the individual and reproduces its lower half, 
in a Promethean manner, cycle after cycle (Stenn & Paus, 2001 and references therein). 
In fact, the hair follicle is one of the few biologic structures that continue to reform itself 
throughout the lifetime of the individual. The important question regarding this 
regeneration — as is the question in all regenerative systems — is how reformation of this 
organ occurs: by means of what cell interactions and what molecular messages and 
signals. Impetus to study the regenerative properties of the follicle have been stimulated 
by recent findings showing that 1) the follicle contains epithelial (Cotsarelis et al. 1990, 
Morris et al. 2004) and mesenchymal cell populations with stem cell properties (Jahoda 
et al. 2003); 2) follicle-derived cells can orchestrate the regeneration of the complete skin 
organ (Prouty et al. 1996, 1997) and appear to play a role in wound repair (Gharzi et al. 
2003; Jahoda and Reynolds 2001); and 3) follicle derived cell populations can generate 
adipocytes, bone, cartilage and bone marrow on the one hand (Lako et al. 2002, Jahoda et 
al. 2003) and sebaceous glands, follicles and epidermis, on the other (Oshima et al. 2001; 
Taylor et al. 2000). The current paradigmatic model for hair follicle growth induction 
was ushered in with the demonstration that label-retaining cells rest within the bulge 
region of the follicle (Cotsarelis et al. 1990). By the bulge activation hypothesis, signals 
are delivered to the resting epithelial follicle from the papilla which then induces the next 
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follicle cycle. Direct evidence that cells of the hair follicle bulge can be induced to form 
new hair follicles has been presented (Morris et al. 2004). 

[0004] While neofolliculogenesis is not generally believed to occur normally in 

the adult state, new follicle formation can be induced experimentally by cellular 
manipulation. In early work Cohen (1961) showed that the isolated rat and guinea pig 
vibrissa papilla, a mesenchymal plug within the follicle base, could induce new follicle 
formation when experimentally implanted into the ear. In a series of now classical 
studies the laboratory of Oliver not only reproduced this work but also showed that the 
papilla could regenerate from the connective sheath surrounding the hair follicle (Oliver, 
1966, 1967, 1970). Studying the same model Jahoda and his team cultured inductive 
papilla cells (Jahoda et al. 1984). 

[0005] Studies of the cells which contribute to new follicle formation have been 

limited by the ability to assay these same cells for their hair follicle inductive, or 
trichogenic, properties. Attempts to develop trichogenic cell assays have been made in 
various experimental systems such as hanging drop cultures (Hardy 1949), granulation 
tissue beds (Reynolds & Jahoda 1992), collagenous shells (Reynolds & Jahoda 1994) and 
kidney capsule cultures (Takeda et al 1998, Inamatsu et al 1998). A valuable method for 
testing inductive cells was put forth by Lichti and her associates (Weinberg et al. 1993, 
Lichti et al.., 1993) using an immunoincompetent mouse and silicon chambers. While 
the Lichti et al. assay is a dependable means for identifying trichogenic cells, it is 
demanding in terms of cell number, time and number of animals required. 

[0006] In order to elucidate the mechanism of new hair follicle formation from 

dissociated cells, we set out to develop a more rapid mini-assay which would also 
faithfully reflect trichogenic properties. Described herein is an method or assay which 
uses many fewer cells (one million instead of 10 million) than the Lichti/Prouty assay, 
gives dependable results in less time (10 days instead of 35 days), and reduces the need 
for large numbers of mice (e.g. six or more assays can be performed in one mouse at one 
time). In the method of this invention we have found that placing trichogenic cells into 
the skin will within 8-12 days produce an array of follicles appearing as a cutaneous 
patch. Exposing the assay of hair follicles either by piercing, cutting or scratching the 
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adjacent skin cover or by placing the cell in the superficial most dermis, produced 
egressing hair shafts. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIGURE LEGENDS 

Fig 1. Hair folliculoneogenesis after intracutaneous injection of dissociated 
epidermal and dermal cells. 

[0007] (A) Phase contrast microscope picture of mouse neonatal dissociated 

dermal cells and epithelial buds or aggregates before injection into the recipient skin. 
Arrow points to an epithelial aggregate. (B) Patch skin as seen from the ventral side of 
the dissected out skin. The inset at the right shows posterior dorsal skin of the nude 
mouse depicting the circular black elevated patch (arrow) visible to the naked eye after 
two weeks. The inset on the left shows a low magnification view of the entire patch from 
the ventral side after dissection. Scale bars are 1 mm; (C, D) Histological view the hair 
patch region. (C) is a horizontal section showing an "infundibular cyst" containing shafts 
typical of dorsal mouse skin. (D) is a vertical section showing the location of the patch 
hairs in the host skin. PC: Panniculus carnosus; Epi: host skin epidermis 

Fig 2. Intracutaneous injection of dissociated epidermal cells alone or dermal cells 
alone show no folliculoneogenesis. 

[0008] The injected cells consisted of either epidermal buds alone (A and B) or 

dissociated dermal cells alone (C and D). Photomicrographs of the recipient nude mouse 
skin as seen from the ventral side of the skins (A and C) or by H & E histology (B and 
D). 

Fig 3. Evidence of hair follicle cycling in the patch assay. 

[0009] Photomicrographs of patch assay in recipient nude mouse skin, as seen 

from the ventral side of the skin at A) day 13 where follicles are in the growing phase 
(anagen) or C) day 21 where follicles are in the resting phase (telogen). The respective 
histology is seen below in (B) and (D). 
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Fig 4. Independence of patch hair follicle formation/cycle and recipient host skin 
follicle cycle. 

[0010] Nude mouse skin in the hair patch region showing follicles in anagen 

within the patch region whereas the nude mouse host region shows follicles in the 
telogen phase (H & E histology). 

Fig 5. Effect of cell number and epithelial/dermal ratio on resultant hair formation 

[0011] (A) Effect of total cell number injected on the number of follicles 

produced. A bar diagram showing the number of follicles generated in the patch assay in 
relation to the number of dermal cells (epidermal and dermal cell ratio was 1:100 in all 
cases) injected intracutaneously in nude mouse. (B) Effect of epidermal and dermal ratio 
on the number of follicles produced. A bar diagram showing the number of follicles 
generated in the patch assay in relation to varying ratios of the number of dermal cells to 
epidermal aggregates. The dermal cell number was fixed at 1 million for each injection. 
Bars represent s.d. from 4 samples. 

Fig 6. Surface extrusion of hair shafts. 

[0012] (A) Effect of patch hair follicles transplanted into other sites. Picture was 

taken at two weeks after transplant (see Text for methods). (B) Effect of wound creation 
on the surface skin overlying a patch. Picture was taken 2 weeks after the wound was 
created. (C) Effect of inserting a tube into a patch. Picture was taken at 21 day after the 
initial injection. 

Fig 7. Morphogenesis and immunohistochemistry of hair follicles from day 1 
through day 8 of the patch assay. Day 1: 

[0013] (A) Histology of injection site showing small solid and discrete epithelial 

cell clusters (arrow) in a stroma of plump blastema-like cells. (B) Patch assay using GFP 
labeled epithelial cells and wild type dermal cells showing epithelial lineage of cell 
clusters (arrow). (C). TUNEL staining showing reactivity (arrowhead) amongst the 
single cells sparing the clusters. Day 2: (D) Patch assay showing vimentin stain of the 
stroma (E) Developed patch at a level just below the panniculus carnosus showing 
prominent epithelial clusters. (F) The clusters sit in a rich mucinous stroma (Colloidal 
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iron stain). (G) High power of the epithelial clusters showing focal apoptotic cell 
necrosis (arrowhead). Microscopy of a cluster showing (H) central keratinization with 
some eccentricity of cell growth; (I) eccentric expression of EDAR(arrow), (J) eccentric 
placement of dividing cells(arrow), (K) peripherally expression of P63, (L) central 
keratinization, (M) eccentric expression of CD44(arrow), and (N) eccentric placement of 
progenitor papilla cells expressing alkaline phosphatase(arrow). Day 4: (O) Eccentric 
placement of dividing cells in the clusters(arrow); (P) Early follicle bud-like structures 
showing P63 expressing outer cells; (Q) MSX-2 expression in the periphery of the 
clusters (arrowhead) and in the surrounding stroma; (R) First expression of GATA3 a 
marker of the internal root sheath(arrow). (S) Oct4 staining in the area of sebaceous 
gland growth (arrow); (T) Eccentric versican staining in the early papilla (arrow). Day 6: 
(U) Infundibular cyst enlargement with projecting follicular forms (arrow). (V) In the 
GFP labeled epithelial cell lineage experiment the follicular papilla (arrow) is well 
defined at this time. (W) Papilla definition is also seen by alkaline phosphatase 
expression (arrow). Day 8: (X) Fully formed mature follicle present at this time. Insets 
show Oct 4 staining the sebaceous gland cells and CD 34 staining the cell in the 
sebaceous gland basal layer. 

Fig 8: Proposed Mechanism of Folliculoneogenesis from Dissociated Trichogenic 
Cells 

[0014] In this figure is sketched the apparent steps of new follicle 

formation starting from dissociated cells (A). Very early after injection there is 
homotypic clustering of epithelial cells (B) followed by prominent apoptotic cell dropout 
(gray colored cells) in the clusters (C) with the formation of a "infundibular cyst" (D). 
Growing from the "infundibular cyst" at various poles the epithelial cells form follicular 
buds, pegs (E) and finally the mature follicle (F). Ultimately, the cycling follicles are 
destroyed leaving a foreign body reaction and scar. 

[0015] The term 'Hair Patch' assay is used here to describe the morphological 

and molecular patterns of new follicle formation. This assay provides an easy and rapid 
determination of the effect, if any, of growth factors, cellular types, scaffolds, scaffold 
materials, pharmaceuticals or other internal or external influences have on upon new 
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follicle formation. This work also underscores the role of an epithelial platform in new 
organ formation illustrated here by folliculoneogenesis. 

DETAILED DESCRIPTION OF THE INVENTION 
[0016] Hypodermal injection of trichogenic mouse cells into mouse skin leads to 

the rapid formation of hair follicles. When the same population of epithelial and 
mesenchymal cells, as used in the Lichti/Prouty assay (Weinberg et al., 1993; Lichti et 
al., 1993; Prouty et al., 1996), was injected directly into the skin, (instead of into a 
chamber), the rapid formation of mature hair follicles within the dermis was observed. 
The initial cell population used for implantation is composed of dissociated dermal cells 
and small clusters of epidermal cells derived from 0-2 day old neonatal mice (Fig 1A). 
Routinely, the skin sites that had received the injected neonatal trichogenic cells, and 
referred to here as "the patch," were harvested 12 days later. At this point the patch 
appears as a slightly elevated, gray, round area of skin (Fig IB right inset). Individual 
hair follicles are best visualized on the visceral side using a dissecting microscope (Fig 
IB and left insert). In a typical assay a cluster of about 200 hair follicles with associated 
shafts form at each site after injection of 1 million dermal cells and 10,000 epithelial 
aggregates. 

[0017] As identified by cross section of hair shafts both tylotrich and underhair 

(awl, auchene, zig-zag) follicles form as one would expect since unfractionated pelage 
skin dermal cells are used in this preparation (Dry 1926) (Fig IB, C, D). This finding is 
consistent with previous studies indicating that the follicle type formed reflects the origin 
of the dermal component (Jahoda 1992). 

[0018] There is some abnormal variation in the morphology of the follicles 

formed. Although many forms are identical to in situ follicles there are also follicle 
forms which show some distortion and irregular placement consisting of cystic dilation 
of the distal-most pilary canal, retention of hair shaft, and abnormally long telogen forms. 
Most hair follicles in the patch, however, lie parallel to the skin surface with the bulb 
(follicle base) centrifugally positioned. To determine the effect of dermal placement of 
trichogenic cells on new follicle formation we injected the same number of cells either 
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into the hypodermis, or along the deeper-lying, facial plane, subcutaneously. 
Histologically, in the former case, cells were present in the hypodermis at the 
approximate level of the panniculus carnosus (below in Fig ID and above and within in 
Fig 4). In this case the cells were confined to a small volume within the dermis and good 
follicle formation results. When the preparation was injected subcutaneously, upon the 
fascial plane, the cells spread over a larger area and few to no follicles formed. To 
examine if new hair formation is unique to immuno-incompetent mice such as the nude 
(nu/mt) mutant, we performed the patch assay in wild type adult C57BL/6 mice using 
newborn homogeneic cells. The homogeneic cells were tolerated by the adult mouse and 
patch hairs were seen at day 14 of injection. Thus, new hair formation in this system - in 
terms of morphology and time of development - is not unique to the immunoincompetent 
host. 

[0019] Successful formation of follicles requires both epidermal and dermal cells. 

Injection of epidermal cells only leads to the formation of epithelial cysts with 
pigmentation (Fig 2 A, B). Injection of dermal cells only produces a white patch of 
stroma at the injection site (Fig 2C, D). The ratio of dermal cells to epidermal cells for 
successful follicle formation in this assay falls in the range of about 500:1 to about 1 :100, 
preferably about 100:1 to about 1 :20 and most preferably about 20: 1 to about 1 :2. 

[0020] It is of interest that in most cases the mature patch assay rested on 

prominent host vessels as if the growth of this highly interacting metabolic system was 
angiogenic. Evidence for the angiogenic properties of the follicle has been presented 
(reviewed in Stenn & Paus 2001) 

Patch assay follicles cycle 

[0021] Although we could see from the histological studies that the newly formed 

hair follicles enter anagen, we next asked the question if these follicles cycle beyond the 
first anagen. By harvesting the site at various times after injection we found that the 
population of newly formed follicles does indeed cycle in aggregate. In mice from which 
the trichogenic cells were derived, the normal growth, or anagen, phase of the cycle in 
vivo extends for about 18 days followed by the resting phase, telogen (Stenn & Paus 
2001). As seen in Fig 3 A, the follicles in the patch are predominately growing (anagen) 
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at 13 days, whereas they are resting (telogen) at 21 days (Many elongated telogen forms 
are found but no anagen bulbs are present at this time). This observed cycle correlates 
well with the time course of the first neonatal hair cycle (Paus et al 1999). At 40 days 
anagen follicles are again found; however, when the patch tissues were harvested at later 
time points (3-4 month), we found pigment deposits, epidermoid cysts, foreign body 
reactions and focal fibrosis. We interpreted these changes as secondary to the fact that as 
the formed shaft was not properly shed; it remains in the dermis to incite an 
inflammatory and foreign body reaction. 

[0022] Since the whole mouse skin organ undergoes dramatic changes over the 

cycle (Chase et al 1953, Hansen et al 1984), we asked whether the hair cycle of the 
recipient skin corresponds to that in the patch follicles. When examining patch follicles, 
we found patch hairs in anagen while the host skin hair follicles were in telogen (Fig. 4). 
These observations collectively suggested that the internal clock of follicle cycling is 
inherent in the constituent trichogenic cells and not dependent on the host skin hair cycle. 

[0023] Since early studies suggested that the number of follicles forming in a 

given assay is a function of the total number of cells delivered and the ratio of epidermal 
to dermal cells, we sought to optimize this relationship. To do this we assayed various 
numbers of dermal or epidermal cells. Increasing the dermal cells five fold to 5 million 
did not produce more hair follicles (278 ± 25) compared to the injection of 1 million 
dermal cells (255 ± 28, Fig 5A). On the other hand, when the number of dermal cells 
was reduced 5 fold to 0.2 million, the number of hair follicles formed, compared to the 
case with 1 million dermal cells, was significantly reduced (63 ± 10). These data are 
interesting since the ratio of epidermal aggregates to dermal cells in all three situations 
was maintained at 1:100. When the dermal cells were fixed at 1 million and the number 
of epidermal aggregates were varied from 10,000 to 50,000, a comparable number of hair 
follicles formed over this range without any significant difference (255 ± 28 and 240 ± 
27, respectively); however, the number of follicles formed was reduced by more than 
half (52 ± 25) when epidermal aggregates were decreased to 2,000 (Fig 5B). In all 
subsequent studies each patch assay was initiated using one million dermal cells in a 
dermal to epidermal ratio of 100:1. 
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Patch hair can grow out of the skin surface 

[0024] To demonstrate that patch hair shafts formed underneath the skin surface 

could also grow out of the skin, we used several approaches (see Methods for details). 
For the first we harvested patch hair from one mouse at day 14, divided the patch into 
small pieces each containing a number of follicles at different orientation, and 
transplanted them into another nude mouse. The results showed that hair follicles with 
the right orientation when planted (bulbs inside the skin) could survive and grow out of 
the surface of skin (Fig 6A). We have also created a channel to the skin surface to 
liberate patch hair shafts using two methods. One was to cut a shallow wound on top of 
a patch to expose the hair follicles (Fig 6B) and the other was to insert tubing into a patch 
injection site and remove the tubing after 3 days (Fig 6C). All of these methods liberated 
a tuft of hair growing out of the skin surface. We have examined the histology of the 
outgrown hair and found that they were at telogen at day 21 after initial injection, and re- 
entered anagen at about 4 weeks as manifest by anagen follicles at that stage. These 
results indicated that the patch hairs can grow out of the skin surface if an opening is 
created, and that they are able to go through a normal hair cycle. 

New follicle formation from dissociated cells involves steps of initiation, 
morphogenesis and differentiation and starts from an epithelial platform. 

[0025] The above studies indicate that the patch assay reproducibly generates 

mature cycling follicles. The next question of this hair follicle organogenesis system is 
how a new organ generates starting with dissociated cells. To perform these studies we 
assessed the patch assay over time by histological and immunochemistry. This study 
was repeated three times, once with wild type cells and twice with GFP labeled cells; the 
data were similar. 

[0026] At one day after injection of the combined dermal and epithelial cells (see 

Fig 1A), tissue sections show epithelial cell aggregates surrounded by plump 
mesenchymal cells reminiscent of blastema cells found in the regenerating amphibian 
limb bud (Fig 7 A; Tsonis 1996). The cell clusters are predominantly epithelial (Fig 7A, 
B) as inferred from reciprocal experimentation involving epidermal (Fig 7B) or dermal 
cells (not shown) from GFP mice in combination with C57B1/6 mouse cells and by 
vimentin stain (Fig 7D). This is confirmed by pan-cytokeratin-II antibody stain (Fig 7L). 
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Although the cell clusters showed little mitotic activity at this time (as shown by Ki67 
data, not shown), they continued to grow apparently by aggregation (compare Fig 7B 
with Fig 7G). An interesting feature of early morphogenesis, as seen as early as day one 
after cell placement, is the prominent apoptosis observed amongst the delivered cells (Fig 
7C). This apoptotic activity appears extensively within the stroma but is also found 
within the epithelial clusters. It is most intense at day 1 decreasing thereafter. 

[0027] By two days the cells are embedded in a glycosaminoglycan- rich stroma 

(Fig 7F). The epithelial clusters show focal asymmetric growth. At this time there is 
eccentric placement of 1) dividing cells as evidenced by Ki67 stain (Fig 7J), 2) of EDAR 
(Pispa & Thesleff 2003) immunoreactivity (IR) in some clusters suggestive of placode 
formation (Fig 71), and 3) early mesenchymal condensation as observed by H & E 
staining, CD44 IR, and alkaline phosphatase (Handjiski et al 1994) (Fig 7H, 7M, & 7N). 
Some of the epithelial clusters at this time now show focal prominent apoptosis with 
central keratinization (Fig 7G). Others show central cyst formation where the cells lining 
the cyst contain keratohyalin granules (Fig 7H). The resultant structure is highly 
reminiscent of the infundibular (most distal) portion of the hair follicle. These 
"infundibular cysts" serve as the platform from which the incipient follicles grow. In 
these clusters the expression of p63 (Fig 7K), a p53 analog and marker of the adnexal 
placode, and a required structure for epidermal adnexal development, (Mills et al 1999, 
Yang et al 1999) and pan-cytokeratin-II (Fig 7L), a keratinization differentiation marker 
(Coulombe et al 2002), appear to be mutually exclusive, with p-63 IR more towards the 
periphery. 

[0028] At 4 days some of the cluster fusions are prominent with a central cystic 

space. Extending from these structures are follicular germs, buds and early peg stage, as 
seen by H & E stain and epithelial cell specific IR of GFP(data not shown), and Ki67, 
and p63 IR( Fig 70, Fig 7P). Msx-2, known to be expressed in hair follicle placode 
ectoderm and subsequently in epithelial matrix cells (Reginelli et al 1995; Ma et al 2003) 
and versican, a papilla marker (du Cros et al 1995) are expressed eccentrically towards 
the budding follicle (Fig 7Q, Fig 7T), where GATA3 -IR, an inner root sheath marker 
(Kaufman et al. 2003) is observed first at this time (Fig 7R). In addition, Oct4 IR, a 
marker of pluripotent embryonic stem cells ( Nichols et al 1998) was limited to a few 
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cells in the matrix of budding follicles in the vicinity of the forming sebaceous gland ( 
Fig 7S). 

[0029] More mature follicles with distinct papilla as seen by H & E (Fig 7U) and 

with epithelial specific GFP IR (Fig 7V) or papilla specific expression of alkaline 
phosphatase activity are observed by day 6 (Fig 7W). Early follicular melanocyte 
pigmentation is seen at this time 

[0030] At 8 days full mature follicles are present growing from the infundibular 

cystic structures (Fig 7X). Sebaceous glands are developed by this time and displayed 
Oct4 IR. CD34 IR was expressed in cells, surrounding sebaceous gland, which could 
originate from cells of bulge origin (Trempus et al 2003). It is notable that during the 
first week of morphogenesis, follicles are not all of one morphogenetic form: a range of 
forms are present. For example, according to the classification system of Paus et al 
(1999) follicles in phases IV, V and VI were present at day 8. In some follicle structures 
sebaceous gland formation but no shaft formation was seen. 

[0031] The system described here shows the rapid formation of new hair follicles 

organs on combining isolated epithelial and mesenchymal cells. The pattern of 
organogenesis presented suggests a morphological sequence as sketched in Fig 8. In the 
earliest phase there is epithelial cell aggregation and fusion of individual aggregates, 
within a very rich mucinous cellular dermal stroma. This is followed by a phase of 
apoptotic remodeling of the clusters (the shaping apoptosis or Mode 1 A of Chang et al 
2004) to form an epithelial structure very similar to the infundibulum of the follicle, an 
"infundibular cyst". Over the course of follicle growth these cystic structures fuse to 
form larger and larger cysts. Evidence that the earliest cysts are asymmetric comes from 
the eccentric placement of the dividing cells (Ki67), the position of the early papilla 
(versican, alkaline phosphatase, CD44), and the location of placode markers (EDAR, 
P63). By 4 days there is hair follicle germ cell growth from the periphery of the 
"infundibular cyst" to form early bud and then peg structures (Paus et al. 1999). 
Completely mature, fully differentiated new hair follicles and shafts can be seen 
histologically within 6 to 8 days and by naked eye within 14 days. 
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[0032] One of the fundamental observations of this study is the role of an 

epithelial platform in the earliest phase of new follicle formation. In many other 
developmental epithelial-mesenchymal interacting systems the first morphogenetic event 
is associated with an epithelial platform. This epithelial platform has many homologues 
in biology: the apical ectoderm ridge in the forming limb bud (Gilbert 2000), the wound 
epithelium in the regenerating limb (Tsonis 1996), epithelial condensate of the tooth bud 
(Arias & Stewart 2002) and the placode of the feather and hair follicle (Widelitz and 
Chuong 1999). In forming a new follicle from dissociated cells the epithelial cells 
quickly cluster and then remodel themselves to generate a structure highly reminiscent of 
the primitive epidermis with its placode, and the acral hair follicle with its infundibulum; 
it is both of these structures which support new follicle formation in the mouse newborn 
and adult, respectively. After the formation of this "infundibular cyst", polar placement 
of mesenchymal condensates and cycling epithelial cells lead to the early recognizable 
hair follicle germ and from these sites the hair follicle anlagen, the bud and peg forms, 
result. The completely mature follicle has all the elements of the mature in situ follicle 
including a normal appearing sebaceous gland; moreover, it undergoes a cycle with its 
unique stages and periodicity. The limitation of this system is that follicle growth in this 
environment is finite: because there is no means of disposing the shaft and its keratinous 
product, the environment fills with inflammatory, foreign body and fibroblastic cellular 
elements with eventual follicle ablation. 

[0033] As discussed above, while other systems for generating hair follicles from 

dissociated cells have been described, none is as efficient in terms of time, cells, and 
animal usage. We have been surprised how rapidly new hair follicle formation occurs in 
this 'Hair Patch 5 system. As seen in the morphogenetic studies (Fig 7), mature follicles 
with shaft formation occur within 8 days. This rate of formation corresponds very 
closely to the in vivo situation of the newborn mouse (Paus et al 1999). It is interesting 
that new shaft formation from a transplanted follicle requires about 45 - 70 days 
(Hashimoto et al., 1996), so that, while counterintuitive, starting from an organized 
structure takes a longer period of time to regenerate than forming a new follicle from 
dissociated cells. In the latter case, though, the transplanted intact anagen follicle 
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apparently must undergo a regression process and then reform its cycling portion 
(Hashimoto et al 1996). 

[0034] Although we conducted studies to optimize the ratio of epithelial to 

dermal components and the number of cells to deliver, we have not yet been able to 
establish a minimal cell number for generating a single follicle. We have routinely found 
that placement of one million trichogenic cells (100:1 ratio of dermal to epidermal cells) 
into the dermis will result in about 200 hair follicles. This translates into the estimate of 
5000 cells per newly formed follicle. In view of the fact that there is extensive apoptotic 
remodeling in the early phases of foliiculoneogenesis, and given the fact that all cells 
may not be endowed with trichogenic capability, it is conceivable that many fewer cells 
are actually contributing to a given follicle. 

[0035] We found that the success of this assay is dependent on the placement of 

the trichogenic cells into a small space. The dermis/hypodermis appeared to work 
because the tissues are normally not loose and provide a compact environment for the 
interacting epithelial and dermal cells. If, on the other hand, the cells were placed on the 
subcutaneous fascial plane, few if any follicles resulted. We interpret this finding to 
imply that the formative trichogenic cells must be kept in close contact; we have not 
excluded, though, the possibility that the dermis itself offers a unique milieu. The 
advantage of this restricted space requirement is that as many as 8 assays could be 
performed on each mouse, reducing animal usage and cage requirements. 

[0036] It was surprising and unexpected that dissociated trichogenic cells rapidly 

reform follicles but that the newly formed follicles cycle; moreover that the newly 
formed follicle cycle has a period very close, if not exactly matching, the cycle of the 
derivative follicles. The phenomenon of hair cycling appears to be inherent in the 
structure of the follicle; in other words, if a follicle forms, it will cycle - the cycling trait 
seems to be inherent in the follicle structure itself. In an incidental observation it was of 
interest to notice that the formation and cycling of the reformed follicles occurred 
independently of the host follicle cycle. Since early studies indicated that the whole skin 
organ is affected and changes with each phase of the cycle (Chase et al 1953, Hansen et 
al. 1984), it was not clear if telogen skin could support anagen follicle growth. If telogen 
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epidermis actually does produce an inhibitor to anagen growth, then that inhibitor may 
not diffuse long enough distances (Paus, et al. 1990) to reach the cells in the patch 
reaction (Gurdon 1989). 

[0037] The morphology of the follicles formed is in general similar to intact 

follicles; however, there may be variation in follicle forms seen at any one time. This 
variation may be apparent in the cycle phase, the size of the infundibular cyst platform 
from which the follicle grows and the variation in the size of the follicle itself. As 
demonstrated by the low power microscopic pictures of the patch assay (see Fig IB) the 
orientation of the newly formed follicles is, in general, with the bulb, or proximal end of 
the follicle, located toward the periphery. While this finding was not analyzed in detail 
the observation suggests that the follicle base might have unique requirements - such as 
blood supply - forcing the highly metabolic and dividing end toward a more favorable 
environment. As described above the patch assay rests on prominent host vessels. It is 
notable that other epithelial-mesenchymal interacting systems demand new vessel 
formation in order to progress (Schwarz et al 2004) and it is probably true in this 
situation as well recognizing the angiogenic associations of the hair follicle (Stenn and 
Paus 2001). At the end of the first cycle although the population of follicles in these 
preparations reaches telogen, all the follicles do not attain typical telogen morphology. A 
telogen form with a very long inferior portion is present (see Fig 3D). We do not 
completely understand the meaning of this abnormal telogen form but as the latter 
abnormal form is very similar to the telogen forms seen in the asebia mouse (Sundberg et 
al. 2000) it may be that such forms occur when there is difficulty in expelling the shaft. 

[0038] An interesting observation we noticed was IR of Oct4 in matrix cells and 

sebaceous glands of budding follicles at days 4-8. Although recently Oct4 expression 
has been observed in presumptive stem cells derived from porcine skin (Dyce et al., 
2004), to the best of our knowledge this is the first report of Oct 4 expression in hair 
follicle, specifically the sebaceous gland and its anlage. Oct4 is important for 
embryogenesis but was known to be expressed only in germ cells of adult animals 
(Nichols et al., 1998; Scholer et al., 1989). 
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[0039] In summary, we describe a system here that can serve as an assay for 

trichogenic cells and as a model for studying the morphologic and molecular mechanisms 
of new organ formation from dissociated cells. Using this system we found that 
dissociated cells very early in the process construct an epithelial platform which is 
shaped by apoptosis in order to set the stage for hair germ formation; eventually a mature 
cycling pilosebaceous structure results. 

EXAMPLES 

Preparation of neonatal mouse hair follicle progenitor cells 

[0040] Mice were purchased from either Charles River, Wilmington, MA 

(pregnant C57B1/6 mice) or from Jackson Laboratories, Bar Harbor, ME {Green 
Florescent Protein (GFP) mice [ FVB.Cg-Tg(GFPU)5Nagy/J]}. Cell preparations 
followed an adaptation of the procedure of Prouty et al (1996). Briefly, mice were 
housed in the University of the Sciences in Philadelphia (USP) animal facility, 12 hour 
light and dark cycles, fed with animal chow (Purina Rodent Lab Diet #5001) and water 
ad libitum. Following USP IACUC approved protocol, truncal skin was removed from 
newborn mice and rinsed in Ca ++ and Mg* 4 " free PBS. The skin was laid flat in PBS 
containing Dispase (2.5 mg/ml, Invitrogen, Carlsbad, CA) at 4°C overnight or at 37°C for 
2 hrs. Subsequently, inductive dermal cells and epidermal aggregates were isolated as 
previously described (Weinberg et al., 1993, Lichti et al 1993, Prouty et al., 1996). Cells 
were used either the same day or kept frozen at -80°C for future use (epidermal cells 
frozen in Synth-a-Freeze® Cryopreservation Medium, Cascade Biologies, and dermal 
cells frozen in medium A, Prouty et al 1996, containing 5% DMSO and 10% bovine 
serum). 

Recipient mice and cell delivery for follicle morphogenesis in the Patch Assay 

[0041] Trichogenic cells were assayed in male nude (nu/nu) mice (Charles River, 

Wilmington, MA) at 7-9 weeks of age. Following USP IACUC approved protocol, mice 
were anesthetized (ketamine, lOOmg/kg, Fort Dodge Animal Health, Iowa/xylazine, 
lOmg/kg, Phoenix Scientific Inc., St. Joseph, MO.). Unless otherwise stated for each 
intracutaneous injection, lxlO 6 dermal cells and 10,000 epidermal aggregates were 
resuspended (50-70 \i\ of DMEM-F12 medium; Invitrogen, Carlsbad, CA) and injected 
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(25 gauge needle) into the hypodermis of the mouse skin, forming a bleb. The injection 
site was marked by a black tattoo puncture (242 Permanent Black Pigment, Aims, 
Hornell, NY). The number of hair follicles formed in a given patch assay was quantified 
by microscopic photography and morphometry; hair follicle count was executed by three 
separate observers. 

Outgrowth of patch hair. 

[0042] We used three approaches to test if hair shafts produced within the patch 

assay could grow out of the skin surface and were morphologically normal. 1) In the 
first, regenerated follicles and the surrounding tissue from a 12 day or later patch assay 
was dissected out and the patch was cut into small fragments, each containing a cluster of 
hair follicles. An 18G needle was used to create several channels in the skin of a 
different nude mouse, and patch assay fragments suspended in PBS were inserted into 
the channels. 2) In the second method, using a pair of scissors a shallow wound was 
made in the skin overlying a mature patch assay (day 12); the wound was then covered 
with adhesive bandage for two days after which the bandage was removed. 3) In the 
third method, a segment of polyurethane intravascular tubing (Instech Solomon, Part No: 
BPU-T20, 2-3 French in diameter) was threaded into and out of the skin overlying and 
into a patch assay site (tube insertion on day 2 after injection; tube removal on day 4 -5 
after injection). The presence of shaft outgrowth was recorded daily. 

Histology and immunohistochemistry 

[0043] Mouse skins were harvested and fixed in 10% formalin overnight. After 

paraffin embedding the tissues were processed for H&E histology (Presnell et al 1997). 
For immunohistochemistry, dewaxed sections were processed for antigen retrieval by 
heating in 10 mM sodium citrate (pH 6.0) at 98°C for 10-15 min prior to incubation with 
primary antibody. The following primary antibodies were used at the indicated dilutions 
or concentrations: GFP (Novus Biologicals, Littleton, CO, 1:200); Ki67 (BD Biosciences 
Pharmingen, San Diego, CA, 1:10); p63 (BD Biosciences Pharmingen, San Diego, CA, 4 
jxg/ml ); CD44 (Chemicon, Temecula, CA , 15 \ig/m\); CD34 ( MEC14.7; Novus 
Biologicals, Littleton, CO, 1:10); Pan-Cytokeratin-type 11, CK-11 (Chemicon, Temecula, 
CA, 1:200); Versican (Chemicon, Temecula, CA,10 p,g/ml ); Msx2 (Santa Cruz 
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Biotechnology, Inc, Santa Cruz, CA, 1:50): Oct4 (Chemicon, Temecula, CA, 20 ug/ml ); 
GATA3 (Santa Cruz Biotechnology, Inc, Santa Cruz, CA, 1:50). Vimentin (Chemicon 
Intl. 5 jug/ml). Formalin fixed paraffin embedded sections were used for all 
immunohistochemistry except that for anti-EDAR where frozen sections were used after 
acetone fixation of 2 minutes at -20°C. Primary antibodies were detected by biotinylated 
secondary antibodies followed by incubation with streptavidin-peroxidase complex and 
aminoethyl carbazole (AEC) chromogen (Histostain-SP Kit, Zymed Laboratories, San 
Francisco, CA). 

Alkaline phosphatase and apoptosis staining 

[0044] Tissues in Tissue-Tek O.C.T. Compound (Electron Microscopy Sciences, 

Ft. Washington, PA) were frozen in dry ice and 4 \xM cryosections were fixed in 4% 
paraformaldehyde/PBS for 20 min, washed in PBS and incubated for 15 min in the 
developing solution routinely used for alkaline phosphatase ( Histostain SAP Kit, Zymed 
Laboratories, San Francisco, CA). Formalin fixed and Paraffin embedded sections were 
processed for TUNEL staining using DermaTACS In-situ Apoptosis Detection Kit 
(Trevigen, Gaithersburg, MD) following manufacturer's instructions. 
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CLAIMS 

What is claimed is as follows: 

1 . A method of inducing hair follicle formation from dissociated cells comprising the 
steps of: 

a) providing a mixture of dissociated cells comprising dermal cells and 
epidermal cells; 

b) injecting the mixture into a dermis/hypodermis of a mammal producing a 
dermal bleb; and 

c) permitting the injected cellular mixture to grow a new hair shaft. 

2. A method according to claim 1 wherein the ratio of dermal cells to epidermal cells 
falls in the range of about 100:1 to about 1:20. 

3. A method according to claim 1 wherein the ratio of dermal cells to epidermal cells 
falls in the range of about 20:1 to about 1 :2. 

4. A method according to claim 1 further including the step of permitting the newly 
formed hair shafts to egress by disrupting the dermis/hypodermis adjacent to the hair 
shaft. 

5. A method according to claim 4 wherein the disruption occurs by cutting the 
dermis/hypodermis. 

6. A method according to claim 4 wherein the disruption occurs by inserting a hollow 
tube through the dermis/epidermis removing the tube after a period of healing and 
permitting the hair follicles to egress through skin where the tube previously was 
located. 

7. A method according to claim 4 wherein the disruption occurs by placing the cells in 
the superficial moist dermis and allowing the growing hair shafts to egress 
spontaneously. 

8. A method according to claim 1 wherein the mammal is a mouse. 
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9. A method according to claim 1 wherein the mammal is a human. 

10. A method according to claim 1 wherein the mixture of injected dermal cells and 
epidermal cells grow into an infundibular cyst, and hair follicles grow from the cyst. 

11. A patch assay for assessing the hair follicle inductive property of disassociated 
mammal cells comprising the steps of: 

a) providing a mixture of dissociated cells comprising dermal cells and 
epidermal cells; 

b) injecting the mixture into a dermis/hypodermis of a mammal producing a 
dermal bleb; and 

c) permitting the injected cellular mixture to grow a new hair follicle. 

12. A method according to claim 11 wherein the assay is used to test the hair follicle 
inductive property of test materials. 

13. A method according to claim 12 where in the test materials include pharmaceutical 
agents, chemical compounds, polymeric compounds, growth factors, cellular products, 
living cells, or biomolecules. 

14. A method according to claim 1 1 wherein the ratio of dermal cells to epidermal cells 
falls in the range of about 100:1 to about 1:20. 

15. A method according to claim 1 1 wherein the ratio of dermal cells to epidermal cells 
falls in the range of about 20:1 to about 1 :2. 

16. A method according to claim 11 further including the step of permitting the hair 
follicle to egress by disrupting the dermis/hypodermis adjacent to the hair follicle. 

17. A method according to claim 11 wherein the disruption occurs by cutting the 
dermis/hypodermis. 
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18. A method according to claim 16 wherein disruption occurs by inserting a hollow 
wire tube through the dermis/epidermis and permitting the hair follicles to egress 
through the tube. 

19. A method according to claim 1 1 wherein the mammal is a mouse. 

20. A method according to claim 1 1 wherein the mammal is a human. 

21. A method according to claim 11 wherein the mixture of injected dermal cells and 
epidermal cells grows into an infundibular cyst, and hair follicles grow from the cyst. 
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FIGURE 5A 
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FIGURE 8 
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